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A Model of Deposition of Hygroscopic Particles
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Many aerosols in the environment are hygroscopic and grow in
size once inhaled into the humid respiratory tract. The deposited
amount and the distribution of the deposited particles among air-
ways differ from insoluble particles of the same initial diameter. As
particles grow in size, diffusive behavior tends to diminish while im-
paction and sedimentation effects increase. A multiple-path model
for deposition of hygroscopic particles in the respiratory tract was
developed for symmetric and asymmetric lung geometries by im-
plementing particle size change in a model of insoluble particle
deposition in lungs. Particle growth by molecular diffusion of wa-
ter vapor to the particle surface was formulated. The growth model
included temperature depression, solute, Kelvin, and Fuchs effects.
Particle growth during travel time in each lung airway was com-
puted. Average loss efficiency per airway was calculated by incor-
porating contributions from particles of various sizes acquired in
that airway. A mass balance on the number of particles that en-
tered, exited, deposited, or remained suspended was performed per
airway to obtain regional and local deposition fractions of parti-
cles in the lung. The deposition fractions calculated for salt particles
showed a drop for submicrometer particles in the tracheobronchial
region and a significant increase in deposition for micrometer par-
ticles or larger. Consequently, very few fine and coarse salt particles
reached the alveolar region to be available for deposition. Overall,
lung deposition of ultrafine particles decreased for salt particles.
Deposition for fine and coarse salt particles in the lung was larger
than that of insoluble particles of the same initial particle size.

INTRODUCTION

Many pollutants in the environment contain water-soluble
species that will absorb water vapor and grow in size when in-
haled into the respiratory tract (USEPA 1996; Spurny 1996;
Lippmann and Thurston 1996). Inhalation of these particles
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may lead to lung injury, particularly in susceptible subpopu-
lations such as children and the elderly (Spengler et al. 1990;
Thurston et al. 1994). In addition, there are numerous hygro-
scopic pharmaceutical aerosols formulated for targeted delivery
to the respiratory system. Deposition of insoluble particles in the
extrathoracic region or first few airway generations of the lung
may be similar to that of hygroscopic particles with the same
initial diameter as that of insoluble ones, but it is quite different
in the deep lung.

Treatment of hygroscopic particle deposition in models of
the respiratory tract is markedly different from that of insoluble
particles, since hygroscopic particles may undergo continuous
size change during travel in the lung; an increase in size directly
influences the amount and site of deposition (Martonen 1982;
Xu and Yu 1985; Persons et al. 1987; Stapleton et al. 1994). The
approach to finding deposition of insoluble particles is rather
straightforward. Given the lung structure and airway dimensions
along with the airflow field in different airways, deposition frac-
tion in a given site or region within the lung is calculated from a
mass balance on aerosols traveling in the region of interest. The
acrosol mass balance incorporates deposition efficiency formu-
lae for different loss mechanisms for that region. For insoluble
particles and steady-state breathing, processes are time indepen-
dent and can be solved uniquely for the entire breathing cycle
(Yu 1978; Anjilvel and Asgharian 1995). However, hygroscopic
particles may grow continuously during a breathing cycle, mak-
ing the transport processes time-dependent. As a result, the un-
steady Eulerian equations of particle transport have to be solved
at each time point during a breathing period. Thus, calculations
of hygroscopic particle deposition are more complex than those
for insoluble particles.

Particle growth in the lung is largely influenced by the temper-
ature and relative humidity throughout the lung. These quantities
have not been directly measured in the lung, making deposi-
tion modeling somewhat hypothetical. A number of deposition
models of hygroscopic particles in the lung have been devel-
oped (Martonen 1982; Persons et al. 1987; Ferron et al. 1988b;
Martonen and Zhang 1993; Robinson and Yu 1998; Broday and
Georgopoulos 2001). Existing models mainly use typical-path
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symmetric lung structures that are not capable of fully capturing
the effect of lung structural heterogeneity coupled with nonlin-
ear growth of particles. While adoption of symmetric geometry
may be justified for regional calculations of insoluble particles,
its use for growing particles may introduce additional uncertain-
ties since particle growth along short and long pathways may be
underestimated or overestimated. Thus, a significant difference
in particle deposition may occur for symmetric and asymmetric
lung geometries. The deposition results calculated in symmetric
and asymmetric lung geometries will differ in direct proportion
to the degree of heterogeneity of the lung structure. The growth
and deposition of particles in the human lung was studied in this
article. A hygroscopic particle growth model was incorporated
into an existing model of particle deposition in a multiple-path
lung geometry for insoluble particles (Anjilvel and Asgharian
1995) to obtain a deposition model for hygroscopic particles.
Using the model, deposition of hygroscopic particles in various
regions of the lung was calculated and compared with that for
insoluble particles.

MODELING APPROACH

Particle Growth Model

Hygroscopic particles grow in humid environments by con-
densation of water vapor on the surface of the particles. The
growth rate for airborne particles depends on particle initial di-
ameter, temperature, and relative humidity. The expression de-
scribing the growth of a particle of diameter d, is given by Hinds
(1999) as

dd, M, 4DW(POO Pd) "

dt ,OWR dp Too Td
where My, py, and Dy, designate molecular weight, mass den-
sity, and diffusion coefficient, respectively, of water vapor; R is
the universal gas constant; and P and T are partial pressure and
temperature at the surface of the particle (denoted by subscript
d) and away from it in the undisturbed environment (denoted by
subscript 00). Particle growth is determined solely by absorp-
tion of water vapor. The droplet is composed of solute (initial
particle) and solvent (water vapor) components.

Partial pressure of water vapor is referred to as equilibrium
vapor pressure when equilibrium conditions between the liquid
and vapor phases are achieved. At the liquid-vapor interface for
a flat plate, the equilibrium vapor pressure equals saturation va-
por pressure, which is the pressure of the saturated vapor at the
surface temperature of the liquid. For droplets, the equilibrium
vapor pressure just above the droplet is higher than the satura-
tion vapor pressure because the curvature of the droplet surface
allows water molecules to leave the surface more easily. Thus, a
higher vapor pressure is required to maintain equilibrium. The
equilibrium vapor pressure of water vapor in the vicinity of the
particle is related to the saturation vapor pressure via the Kelvin
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relationship (Hinds 1999) given by the equation

4oMyw

Py = Py |1, -e®Fia, (2]

where P, |y, is the saturation vapor pressure of the solvent (water
vapor) at the droplet temperature, Ty, o is the surface tension
for water vapor, and Py refers to equilibrium vapor pressure just
above the droplet when only the Kelvin effect is present.

If the droplet contained only water vapor, Equation (2) could
be used in Equation (1) to find particle growth. However, the
presence of the solute in the droplet reduces the equilibrium va-
por pressure since fewer molecules of water vapor are available
on the surface of the droplet for transfer into vapor phase. The
relationship between equilibrium vapor pressure of a droplet
containing impurities and that of a droplet of pure water vapor
is given by Friedlander (1977):

Pylt, =y - x - Pylr,, [3]

where y is the activity coefficient and x the mole fraction of
water vapor. In addition, the mole fraction of water vapor can
be shown to be (Robinson and Yu 1998)

my My \
X = (1 + néé’ls Pwmo) s [4]

6 s

where M, o5, and my are the molecular weight, mass density,
and mass of the solute (initial particle), respectively. By substi-
tuting Equation (4) into Equation (3), and then the result into
Equation (2) and then into Equation (1), and expressing partial
pressure in the undisturbed environment in terms of saturation
vapor pressure, the following equation is obtained:

dd,  4DyM,, (Psoinc g _ VEslr,

dt pwRdp, \ T T,
mp Ma -1 .
M pw _AoMw
1+ —— eBHoRig § 5
X( +7rd;/6—%> " ) [5]

where S is the saturation ratio. For ultrafine particles, particle
size approaches the mean-free path of air, and Equation (5) has
to be corrected for the Fuchs effect to be valid in the slip and
free molecular regimes (Davies 1978):

dd, 4D,M, Kn + 1 Poolr,
—_— — X
dt  pyRd, 14 1.3325Kn’ 4 1.71Kn\ T
my My -1
yPdlr, M o oMy
. d 1 s’ W edpprTd , 6
T, ( T o}

where Kn = 2)./d, is the Knudsen number and A is the mean
free path of air. The saturation vapor pressure at the droplet
surface temperature is related to the saturation vapor pressure at
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the temperature of the surrounding environment by the Clausius-
Clapeyron relationship (Van Wylen and Sonntag 1973):

oMy
Pulr, = Pulr, ek (e 4] 7]
where hg, is the latent heat of condensation. Substituting Equa-
tion (7) into Equation (6) yields

dd,  4D,M,Pylr, Kn+ 1

ra poRd, T4 1.3325Kn + 1.71Kn
my My, -1
M, pw
X | g vt
To ( d3/6 — 7)
e [ ()]
X . [8]

Ty

When the droplet temperature is different from the surrounding
temperature, the particle undergoes rapid temperature change
to reach thermodynamic equilibrium. Consequently, the size
change cannot be described solely by Equation (8). Anadditional
expression describing the evolution of droplet surface temper-
ature as a function of relative humidity and time such as that
proposed by Broday and Georgopoulos (2001) becomes manda-
tory. For slow-growing particles, however, the droplet tempera-
ture approaches that in the environment very rapidly. Equation
(8) further reduces to

ddy  4DuM,P, |r.
d pyRd, T

Kn+1
X
1+ 1.3325Kn? + 1.71Kn

mo My
My o0 Y LiooweT

—1
x S—y(1+—mo) chnits || 9]

indicating that the droplet has attained the surrounding tempera-
ture before the occurrence of any particle growth. Ultrafine and
fine particles grow rapidly in the humid environment, and thus
the use of Equation (9) is technically not justified. However,
ultrafine particles reach their final size very rapidly while in ex-
trathoracic airways and can essentially be treated as insoluble
particles of a size larger than their initial size when entering the
lung. In fact, particles smaller than 1 zem have little if any growth
in the airway (see Figure 4). Overall, the error introduced by the
use of Equation (9) is within the variability of the deposition
models and should not affect the final deposition results. Equa-
tion (9) resembles other theoretically derived expressions such as
those of Robinson and Yu (1998) and Broday and Georgopoulos
(2001) if the effects of solute impurities and temperature differ-
ence between the droplet surface and surrounding are accounted
for.

For the case of dilute, nonreacting droplets, y = 1. Given
the initial mass, molecular weight, and mass density, growth of
particles of different initial compositions can be predicted from
Equation (9). This equation can be safely used todescribe growth
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of hygroscopic particles in the lung since inhaled particles are
quickly reconditioned in the extrathoracic region and are near
body temperature when entering the lower respiratory tract.

Mathematical Model of Particle Deposition

The deposition model used to calculate particle losses in the
Iung is a variation of an earlier model of Anjilvel and Asgharian
(1995) that allows for particle growth during aerosol transport
in the lung. Various assumptions are made in this model to facil-
itate the calculation of particle deposition fractions. The airflow
velocity at a location within an airway is assumed uniform and
proportional to the lung volume distal to that location. Con-
sequently, the airflow rates decrease distally in an airway and
within the lung. At the same time, lung airways expand and con-
tract linearly during a breathing cycle that includes inhalation,
pause, and exhalation. Deposition calculations are performed
at a lung volume at midpoint between the lung at rest (func-
tional residual capacity or FRC) and maximum inhalation. Axial
diffusion and dispersion of particles have also been neglected.
Particles are also assumed to be monodisperse and uniformly
distributed in the tidal air. Particle loss at an airway occurs by
sedimentation, impaction, and diffusion.

A mathematical model of particle deposition in an asymmet-
ric lung geometry described elsewhere (Anjilvel and Asgharian
1995) is used to calculate particle deposition in various regions
of the lung. The deposition model calculates deposition fractions
of particles at various locations in the respiratory tract during a
single breathing cycle in several steps. First, the airflow veloci-
ties in all airways of the lung are calculated. Second, the aerosol
transport and distribution in the tidal air across lung airways are
accounted for during a single breath. Third, particle growth dur-
ing travel in lung airways is calculated. Fourth, the combined
deposition efficiency of particles in each airway by various loss
mechanisms is calculated. Finally, a mass balance on the travel-
ing particles in each airway is performed, and deposition fraction
per airway, generation, region, and lobe is calculated.

Since airflow travels in an airway with uniform velocity, the
leading edge of the inhaled particles initially forms a front in
the trachea. The front breaks up into two when reaching the first
bifurcation, with each daughter front taking on a different path
and continuing the transport deep into the lung until inhalation
ceases. By the end of the inhalation, there will be as many fronts
as the number of lung pathways traveling through the fung. With
the start of the exhalation, all the fronts recede and combine when
meeting at a bifurcation. Since by assumption particle transport
occurs mainly by airflow convection with no axial diffusion,
two daughter fronts will collapse when meeting at an airway
bifurcation to form a parent front. Traveling up the airway tree,
all the fronts collapse to eventually recover the original front and
exit the trachea at the end of exhalation. Due to simultaneous
losses of particles from the inhaled air, particle concentration in
the tidal air reduces with time. The flow rates and times when
the aerosol fronts cross airway proximal and distal ends are
found during a breathing cycle and used to calculate particle
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concentration at the proximal and distal ends of all lung airways.
A mass balance on the number of inhaled particles is performed
per airway to calculate airway, lobar, and regional deposition
fractions.

Particles undergo growth during their transport in the lung.
Airborne particles are assumed to be monodisperse. Particles en-
ter the respiratory tract as monodisperse but change size quickly
and become polydisperse. During inhalation, particles enter and
exit an airway at fixed sizes since particle growth initiates at
the entrance to the respiratory tract (i.e., at a constant initial di-
ameter). The elapsed times for a particle of a given initial size
to cross the proximal and distal ends of an airway are used in
Equation (9) to calculate particle diameters when reaching these
locations.

During the pause between inhalation and exhalation, a parti-
cle at the end of an airway grows from a size previously calcu-
lated by Equation (9) to a new size at the end of pause. Equa-
tion (9) uses the crossing time and the size of the particle at the
end of inhalation as input to calculate a new size at the end of
pause.

Calculations of particle growth during exhalation are more
complex than those for inhalation and pause. During exhalation,
the diameters of receding particles arriving at both ends of an
airway vary with time since their starting locations and diameters
at the beginning of exhalation are different. The largest growth
is for acrosols located in the receding front since these particles
have spent the greatest time in the lung. By assumption of no
axial diffusion, particles in two daughter fronts that collapse into
a parent front have spent the same amount of time in the lung
and thus have the same diameter. Given the exhalation receding
time for an aerosol front to reach the distal and proximal ends of
an airway, particle diameter at these locations can be calculated
from Equation (9) using, as initial condition, particle diameter
in the front at the start of exhalation time.

Deposition of uncharged particles in the airways occurs by
three main mechanisms—impaction, sedimentation, and diffu-
sion (Cai and Yu 1988; Pich 1972; Ingham 1975). Each loss
mechanism within an airway can be represented by a unique
deposition efficiency that is defined as the fraction of entering
particles that deposited in the airway. Deposition efficiency de-
pends on particle diameter that may vary with the time that
particles spend in the lung. The time an airway is occupied by
particles during inhalation, pause, and exhalation was divided
into N time increments, and deposition efficiency, n;, at cach
time increment, At;, was calculated assuming that particle size
remained constant during each time increment. An average de-
position efficiency, 77, was obtained during inhalation, pause, and
exhalation and is given by the equation:

=
Il

1 u R
n t)ydt = (AL
tf_ti</t; n(t) tf_tiZn

i=1
_ Aty m _ AtZil??i _ Z?:lni
tr— 1

= = N

10
NAt L10]
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where t; and t; are defined depending on the breathing mode.
During inhalation, these times correspond to the time a front
passes the proximal and distal end of an airway, respectively.
During pause, t; is the crossing time of a front at an airway end
during inhalation and t; is t; plus pause time. During exhalation,
t; 18 the crossing time during inhalation plus pause time, and
te is the time a front retreats from the airway. Particle diame-
ters corresponding to times t; and t¢ are calculated as described
previously by Equation (9), and they are used in Equation (10)
to find average deposition efficiency for each loss mechanism.
Losses by different mechanisms were assumed to occur indepen-
dently since deposition efficiency for each mechanism was much
smaller than unity in an airway. Thus the combined deposition
efficiency was the sum of the average individual efficiencies.

Acrosol concentrations at the proximal and distal ends of each
airway were calculated using deposition efficiencies calculated
as described above. Deposited mass in each airway was com-
puted by applying a mass balance on the particle-laden inhaled
air. Particle losses were calculated at an airway size midway
between lung volume at rest and maximum inhalation (that is,
FRC 4+Vr/2, where Vry is the tidal volume).

RESULTS AND DISCUSSION

Particle growth in lung airways depends on particle initial
diameter as well as relative humidity (100 x saturation ratio)
and air temperature. While particle initial diameter can be mea-
sured, information on temperature and relative humidity in the
hung is not available (Morrow 1986). This information is usually
deduced by indirect measurements (Ferron et al. 1983) or nu-
merical simulations of airflow and vapor concentration (Ferron
et al. 1988a; Saranganpani and Wexler 1996). Temperature and
relative humidity beyond the first few generations are found to
be close to 37°C and 99.5%, respectively. In addition, growth
rate varies depending on the chemical composition and concen-
tration of the solute in the droplet. Change in the size of salt
particles (NaCl with molecular weight of 58) in the lungs of
human adults was calculated and compared with available data
in the literature to study the growth model. Figure 1 shows the
ratio of particle diameter, d,,, over its initial diameter, dy, as
a function of time when placed in an environment with satura-
tion ratios between 0.90 and 1.0. Using Equation (9), particles
grew rapidly from an initial size of 0.2 xm to reach their equi-
librium size in less than 1 s. The equilibrium size and time to
reach this size were directly proporstional to the saturation ra-
tio. Small variations in saturation ratios above (.98 seemed to
have a significant impact on equilibrium size of the particles.
Thus, it is of critical importance in experiments aimed at parti-
cle growth measurements to have good control of the saturation
ratio or the ability to measure it accurately if changed during the
experiment.

To evaluate the growth model, particle growth with time in
a humid environment was compared against the experimental
measurements of Anselm et al. (1987) for salt particles of an
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Figure 1. Predicted growth of salt particles at various satura-
tion ratios as a function of time.

initial dry diameter of 0.7 pm. The ratios of particle diame-
ter over its initial diameter are presented in Figure 2. There
was good agreement between measurements and predictions of
Equation (9) for a saturation ratio of 0.995, supporting the gen-
eral consensus on relative humidity of 99.5% in the human lung
(Ferron et al. 1983).

10 -

© Anselm et al. (1986)

O . | : | ,
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Figure 2. Calculated growth of salt particles initially at
dpo = 0.7 wm with time versus measurements.
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Figure 3. Comparison of the predicted and measured equi-
librium diameter of salt particles in a humid environment for
different initial particle sizes.

Growth of salt particles predicted by Equation (9) was fur-
ther compared against experimental data of Li et al. (1992) in
Figure 3. Results were calculated for particle temperatures at
37°C and 22°C, and a saturation ratio of 1. Temperatare had
only a minor influence on particle growth, particularly at small
initial particle diameters where both predictions and measure-
ments showed temperature independence. Our predictive model
is in general agreement with the experimental measurements.
Any difference between predictions and measurements is at-
tributed to the model used to account for the solute effect (which
is most accurate at a low solute concentration in the droplet) and
also uncertainties surrounding relative humidity measurements
throughout the experiments as discussed by Li et al. (1992).

Deposition models for hygroscopic particles are computa-
tionally more demanding than those of insoluble particles,
particularly at ultrafine and submicrometer sizes. Potential pro-
hibitive computational times impose a limitation to such calcula-
tions. The computation time is particularly large for ultrafine par-
ticles, where particle growth (Equation (9)) requires extremely
small time steps for convergence. In addition, particle coagu-
lation becomes significant for ultrafine particles since it dis-
rupts the growth model proposed by (Equation (9)). Particle
concentration in inhaled air will also be reduced, which places
a limitation on applicability of the deposition model. For this
reason, the computations in this article are restricted to particle
diameters equal to and greater than 0.1 pom,

Use of a hygroscopic versus an insoluble model to predict
deposition depends to a large degree on the extent of parti-
cle growth during its transport in the lung. The growth of salt
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Figure 4. Growth of salt particles of different initial diameters
in the respiratory tract during a single breathing cycle.

particles with initial diameters of 0.1, 1, and 10 pm was calcu-
lated in different generations of the lung during inhalation and
exhalation. Results are presented in Figure 4 for a breathing pe-
riod of 5 s with equal inhalation and exhalation times and zero
pause time. In the model, particles travel through the head region
to reach the tung. The average residence time of particles in the
head region was about 0.08 s. A saturation ratio of 0.995 and
temperature of 37°C throughout the respiratory tract, including
the extrathoracic region, were assurned. Particles with an initial
diameter of 0.1 pum grew about 4-fold to reach their equilibrium
size while still in the head region. No further size change was
observed in the lung. A similar growth pattern was observed for
1 pm particles. Following a nearly 4.5-fold increase in the head
region, particle diameter increased slightly during inhalation, but
there was no further size increase during exhalation. Particles
with an initial diameter of 10 pm showed continuous growth
during both inhalation and exhalation following a 2-fold diam-
eter increase in the head section. Based on the results presented
in Figure 4, the equilibrium size of submicrometer particles in
a humid environment may be used in a deposition model for
insoluble particles to calculate deposition of hygroscopic parti-
cles because particle growth occurs entirely before entering the
Iung. Inclusion of the growth model is absolutely required in
the deposition calculations of hygroscopic particles with initial
diameters in the fine and coarse size range.

To study the significance of various particle loss mechanisms
in the lung, deposition fractions of particles in the respirable
size range were calculated via oral breathing for a typical lung
tidal volume of 625 ml, breathing frequency of 15 breaths per
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Figure 5. Regional and total deposition of hygroscopic Na(l
and insoluble particles in the lung for oral breathing.

minute with zero pause time, and functional residual capacity
of 3300 ml in an asymmetric human lung geometry containing
approximately 32,000 conducting airways. Deposition fractions
in the tracheobronchial (TB) and pulmonary (PUL) regions, and
total lung are given in Figure 5 for both hygroscopic and in-
soluble particles. Due to particle growth, diffusion losses of
submicrometer-size particles (<0.3 pm) were decreased, while
impaction and sedimentation losses for fine and coarse parti-
cles were increased in the TB region. A similar trend was also
observed for deposition in the PUL region despite the filtering
of particles in the TB region, which created a peak in the de-
position curve for fine and coarse particles. The net result was
that lung deposition of hygroscopic particles was significantly
larger than that of insoluble ones. The shapes of regional and
hing deposition curves for hygroscopic particles were similar to
the corresponding ones for insoluble particles. The curves es-
sentially shifted to the left, reflecting the growth of particles to
a larger size, which altered various particle loss mechanisms in
lung airways.

The model developed in this study allows prediction of hy-
groscopic particle deposition in symmetric as well as nonsym-
metric airway geometry models. Most of the available models
in the literature are based on a symmetric lung structure (e.g.,
Weibel 1963; Yeh and Schum 1980) and are unable to predict
variation of dose in the lung airways due to asymmetric nature
of the lung geometry. This effect, although insignificant when
interested in regional deposition predictions of insoluble parti-
cles (Asgharian et al. 2001), may become significant for the case
of hygroscopic particles since particle growth depends on travel
time of particles in the lung and is thus pathway-dependent. In
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addition, particle growth is nonlinear (Equation (9)), while air-
way dimensions in a symmetric geometry model are algebraic
averages of the measured dimensions in various pathways. To
investigate the significance of including the details of the ge-
ometry, a comparison of deposition of hygroscopic and insolu-
ble particles in symmetric and asymmetric lung structures was
made in Figures 6a—c for the case of nasal breathing at a tidal
volume of 625 ¢m? and breathing frequency of 15 breaths per

0.25 - — Stochastic
5 - Symmemg“\ Hygroscopic
= 020 Y
Q - /
Li;i -
Q().15 -
2 -
ZOIR
Ro.0s i
E« 0 \’/I,n}]uble

X bbb it i bt ioaaat

0.1 .
Particle Diameter, um

(a)

10

T T T T

Lung Deposition Fraction

obL__. .

Hygroscopic
N
Ny

B. ASGHARIAN

minute. Deposition calculations were made for particle diam-
eters between 0.1 pm and 10 pm. The comparison in the TB
region is shown in Figure 6a. Particle deposition was higher in
symmetric lung geometries for hygroscopic and insoluble parti-
cles. In addition, the shapes of the deposition curves were similar
for both particle types. Similar trends were observed in the PUL
region (Figure 6b) and the entire respiratory tract (Figure 6¢).
In essence, the difference in the magnitude of deposition of

0.35 — Stochastic
T Symmetric
0.3 Insoluble

Hygroscopic

0.2

LI I T N I I T LN LA LA
T f I I i

PUL Deposition Fractio
-
O

T o T

1 N 5 T W

1
Particle Diameter, m

(b)

0.1

Insoluble

Stochastic
~ Symmiteric

10

Particle Diameter, um

{c)

Figure 6. Deposition of hygroscopic NaCl and insoluble particles in symmetric and stochastic lung geometries for (a) tracheo-
bronchial deposition, (b) pulmonary deposition, and (¢) total deposition. Breathing route is through nasal passages.
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insoluble particles between symmetric and asymmetric lung ge-
ometries was retained for hygroscopic particles as well. This
difference was noticeable for regional deposition (TB and PUL)
but fairly small for total deposition. Although not shown, the dif-
ference in deposition between symmetric and asymmetric lung
structures became even greater when deposition per generation
or site-specific deposition was studied. Detailed morphometry
of the lung exerted a strong, dominant influence on localized de-
position of particles in the lung. Based on the results in Figure 6,
the asymmetric lung model should be used when interested in re-
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gional deposition, but the symmetric lung gecometry may be used
to calculate total ung deposition in order to save computation
time.

To study deposition distribution of hygroscopic versus in-
soluble particles in the lung, deposition fractions of 0.1, 1, and
10 pum particles were calculated in various generations of the
lung via nasal breathing for a tidal volume of 625 cm? and breath-
ing frequency of 15 breaths per minute. The results are presented
in Figures 7a—c. The results for 0.1 pm particles are shown in
Figure 7a. There was a small deposition in the upper airways
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Figure 7. Deposition fraction of hygroscopic NaCl and insoluble particles in various generations of a stochastic lung for particle

diameter (a) 0.1 pem, (b) 1 pum, and (¢) 10 pm.
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and a significant deposition in the deep lung (PUL region or air-
way generations 16 and higher) by diffusion for insoluble parti-
cles. Hygroscopic particles with an initial diameter of 0.01 pum
grew in the head region to about 0.4 pm and entered the lung.
Consequently, there was a significant reduction in deposition
as compared with that of insoluble particles because submicron
particles deposited predominantly by diffusion, which decreased
with particle size.

Particle growth produced an opposite effect on the deposition
of 1 pum particles (Figure 7b). Minimal lung deposition occurred
for insoluble 1 pm diameter particles. A slight increase in de-
position by impaction occurred in the upper airways of the TB
region, but there was a significant increase in the deposition
of 1 pum initial size hygroscopic particles in the lower airways
(generations 16 and higher) of the lung due to enhanced sedi-
mentation losses. For 10 pm particles (Figure 7¢), most of the
deposition occurred in the upper airways of the TB region by
impaction for both hygroscopic and insoluble particles. There
was also some deposition of insoluble particles in the lower air-
ways of the lung by sedimentation. An interesting observation
to note was the lack of any deposition of hygroscopic particles
in the deep lung, because all the inhaled particles had already
deposited in the head and TB regions.

Inrecent years, the delivery of therapeutic acrosols to the lung
has received increasing attention in the pharmaceutical industry.
Inspection of Figures 7a—c offers a guideline for the delivery of
hygroscopic aerosols to the lung. Based on Figure 7c, coarse
acrosol drugs should be used for targeting upper airways of the
lung. On the other hand, fine-size particles are ideal for deep lung
delivery (Figure 7b). Submicron sizes may be used for targeting
the entire lung, but a high concentration of the aerosols in the
exposure atmosphere is required since the deposition fraction
of submicrometer particles is small (Figure 7a). Alternatively,
a combination of fine and coarse particles can be used for lung
delivery if nasal delivery of the drug particles is also desired.
It should be noted that the findings based on Figure 7 are only
applicable to particles with physicochemical properties similar
to that of salt particles. The proposed model can be run for other
types of hygroscopic drug aerosols to formulate an appropriate
delivery regimen. The results in Figure 7 will also change for
oral or endotracheal breathing.

Lastly, the deposition model presented in this article was
tested by comparing the predicted values against data available
in the lterature (Tu and Knudson 1984) using corresponding
breathing and lung parameters. Identical particle sizes and chem-
ical composition were also used for comparison of the predic-
tions against the measurements. The measured deposition frac-
tions of two studies are plotted against model predictions at the
same conditions in Figure 8. Also included in Figure 8 is the
line of identity, indicating when there is a perfect match be-
tween measurements and predictions. The calculated points in
Figure 8 clustered around the line of identity at small deposition
fractions and are both above and below the line, indicating that
(1) the agreement is satisfactory and (2) there is no bias toward
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overprediction or underprediction. However, a few points, par-
ticularly at large deposition fractions, were clearly away from
the identity line, indicating a weak correlation between predic-
tions and reported data. This could be due to variability in lung
geometries or breathing parameters.

SUMMARY

A mathematical model for the deposition of hygroscopic par-
ticles in asymmetric lung geometries of humans was developed.
Particle growth was the result of molecular diffusion of wa-
ter vapor in the air to the surface of the particles. The growth
model included Kelvin, Fuchs, temperature depression, and so-
lute effects. The growth calculated for salt particles agreed with
available measurements in the literature. Particles of 0.2 pum
initial diameter reached their equilibrium size in less than 1 s.
Time to reach equilibrium size was proportional to initial size
of the particles. It was found that submicron particles behave
essentially as insoluble in the lung since they have attained their
equilibrium size when entering the lung.

Particle growth reduced ditfusive losses and increased sed-
imentation and impaction losses in the lung. The model was
able to calculate deposition of hygroscopic particles in symmet-
ric and asymmetric lung geometries. Morphometrically based,
realistic lung geometries are crucial for accurate calculation of
site-specific and regional deposition of particles in the lung. For
Tung deposition (TB plus PUL), however, symmetric geometries
give a reasonable prediction of deposition and thus are recom-
mended when reduction in computation time is desired. Particle
hygroscopicity can be exploited for optimal drug delivery to the
lung. Coarse drug particles are recommended for targeting the
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upper airways in the TB region. Fine aerosol drugs, on the other
hand, are ideal for delivery to the pulmonary region. Submicron
particles or a combination of fine and coarse aerosols can be
employed for targeting the entire lung.
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